Landslides are one of the most commonly occurring natural disasters. They claim hundreds of human lives and cost billions of dollars every year. In order to provide geophysical tools and techniques to better characterize sites prone to slide, we have been carrying out and evaluating potential utility of several geophysical surveys over a quick clay landslide site in southwest Sweden since 2011. The measurements include 2D and 3D P-and S-wave high resolution surface seismics, radio-and controlled-source electromagnetics, geoelectrics, ground gravity and magnetic surveys. A particular focus here is given to the seismic studies in the site. Combined with downhole geophysical and geotechnical measurements, we show that majority of reflections correlate well with sandy-silty formations in the site. Quick clays often occur above these formations, which may be an indication of the role of coarse-grained formations to not only partly form quick clays but also triggering them when pore-water pressure is significantly increased.
Introduction
This study is about one particular kind of rapid earth flow that is caused by quick clays, which mainly exist in Nordic countries. Undisturbed quick clay resembles a watersaturated gel that accumulated as flocculated silty-clay to clayey-silt sediment in a marine to brackish environment (see Lundström et al., 2009; Solberg et al., 2012) ; uplifted above sea level, and has been leached to low salinity by fresh water flow. The quick clay liquefies at its natural water content; the flocculated structure collapses if its strength is exceeded, which results in landslides of variable magnitude. Considering the nature of quick-clay formations, application of geoelectrical methods alone to delineate them is a challenge, although they are often used. The presence of thick and conductive marine clay does not allow deep current penetration. This is particularly important if quick clays extend to greater depths (e.g., >20 m), such as in our study area. A better understanding of the geophysical properties of quick clays and their associated lower-sensitivity sediments is needed, which also requires an integration with geotechnical, geochemical and hydrogeological methods.
In Spring 2011, the Society of Exploration Geophysicists (SEG) through its Geoscientists Without Borders (GWB) program sponsored a study of the geophysical properties associated with quick-clay landslides in order to provide tools and techniques to mitigate risks associated with them. An area near the Göta River in southwest Sweden, which was the scene of a quick clay landslide about 40 years ago, was chosen as the experimental site (Malehmir et al., 2013a,b) . Göta River (Fig. 1) is the source of drinking water for about 700,000 people and is used extensively for industrial transportation. Therefore, areas near the river are highly industrialized and populated. Locations of 2D and 3D surveys from 2011 are shown. BH1 to BH3 (a) were recently drilled and used for downhole surveys. Blue dots are the locations of geotechnical data (CPT) avaialble in the site (Löfroth et al., 2011) .
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Geophysical measurements
The geophysical investigations involved 2D and 3D P-and S-wave source and receiver seismic surveys, geoelectrics, controlled-source and radio-magnetotellurics, Slingram, ground gravity and magnetic surveys as well as passive seismic monitoring (Fig. 1) . Prior to our investigations, the Swedish Geotechnical Institute (SGI) studied the site using various geotechnical and hydrogeological methods (Löfroth et al., 2011) . Therefore, a wealth of geotechnical borehole data, mainly CPT (cone penetration test with tip friction generated by the rod string), CPTU (cone penetration test with friction sleeve measuring pore pressure) and laboratory measurements are available from the site. Among geophysical methods, only surface electrical resistivity tomography (ERT) and induced polarization (IP) methods had been carried out by SGI (Löfroth et al., 2011) . P-wave seismic data acquisitions were carried out during two field campaigns in September 2011 and March 2013.
In 2011, we used 2-4 m seismic source and receiver spacing and both 2D and 3D acquisition set-ups. The 3D survey covers the landslide scar area and was collected using two overlapping swaths (each swath consisted of 6 active receiver lines with 60 live stations). Several seismic sources were tested and used such as weight-drop, sledgehammer, and explosive. Five 2D lines (1-5) were collected with a total length of about 2.3 km (Fig. 1) . We also used horizontal component reflection seismic methods to further investigate structural and physical conditions using three 2D profiles (lines S1a, S1b and S2 in Fig. 1 ). S1a and S1b are parallel to each other, about 5 m apart. S1a was acquired along a compacted gravel road and S1b on the soft farm surface of sediments. Line S2 was also acquired on the soft sediments. A 120 m long streamer consisting of 120 SH-geophones spaced at every 1 m was deployed and an ELVIS micro-vibrator (Krawczyk et al., 2011) was fired every 2 m to generate the seismic signal. S-wave data of high quality were, therefore, acquired to resolve the gaps between the P-wave data and the electrical and surfacewave based methods that have lower resolution. Roll-on array geometry was used during the data acquisition. A short summary of these surveys is presented in Malehmir et al. (2013a) .
In 2013, we acquired additional seismic lines (also RMT data) in the western and northern sides of the study area to better link the large-scale structures with quick-clay formations. Of particular, an about 1.7 km long seismic line was acquired to cross the Göta River. 50 to 150 g dynamite was used to generate seismic signal. While more than 360 cabled-receivers were placed (every 4 m) in the southern part of the river, about 70 single (28 Hz) and 3C digital wireless sensors were placed (every 10 m) in the other side of the river. The line should not only provide a highresolution seismic image of subsurface structures within the Göta valley but also ideal data for refraction and fullwaveform tomography (Adamczyk et al., 2013) . In this paper, we only present 2D P-and S-wave seismic data from the 2011 experiment. A summary about all the 2011 measurements can also be found in Malehmir et al. (2013a) . 2D P-wave profiles are presented in details in Malehmir et al. (2013b) .
Results
Figure 2 shows a comparison between P-and S-wave images along line 1 (Fig. 1 ) and correlation with a recent borehole (BH1) drilled to check the origin of the reflections (S1 and S2). Bedrock was reached at about 36 m depth. As evident, the S-wave section shows much higher resolution than the P-wave section. We attribute this to both higher contrast between the S-wave velocities of the contact layers and their much lower S-wave velocities than P-wave velocities. Reflections are originated from the contact between clay and coarse-grained formations. (Fig. 1) . Ten to twenty grams of dynamite were used to generate seismic signal along this line. Both ERT and seismic data clearly image the bedrock in the southern part of the line; however, in the central and northern parts of the line, ERT data are unable to image the bedrock. A strong reflection at about 20 m depth (S1) well correlates a coarse-grained layer at this depth. ERT data also suggest resistivity changes at this 
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depth. The ERT section also shows a good correlation with the CPT-R measurements and highly resolves the changes observed in the CPT-R data. (Fig. 1) . Note the disturbed character of the S1 reflection at the landslide scar. Figure 4 shows 3D visualization of all the P-wave (vertical component) seismic profiles with the available CPT data from the site. Bedrock is well imaged in all the profiles expect line 4 mainly because this line is parallel to the structural geometry of the bedrock topography. A coarsegrained layer, although heterogeneous, is imaged almost in all the profiles and correlates well with the available CPT data. Bedrock in the central part of line 2 is as shallow as only a few meters and suggests a bowl-shaped structure in the southern portion of the line. Figure 5 shows the power spectra of reflection seismic data using sledgehammer, weight-drop and dynamite sources. We used every fifth shot and then averaged all the power spectra for that specific source type. Our analysis of the power spectra suggests that the weight-drop source (solid black line) shows the highest frequency content with broader bandwidth spectra as compared with the sledgehammer (solid grey line). The notably broader frequency band of the weight-drop indicates better resolution than the sledgehammer. All sources contain dominant signal frequencies around 30-150 Hz. The high frequency portions of the power spectra are different for weight-drop and dynamite. In summary, the explosive source produces the highest frequency band and best signal-to-noise ratio; because it contains higher energy related to higher burn/blast velocity and source containment than the others. If the power spectra are described in terms of bandwidth, the weight-drop source is strongest in the intermediate frequency range compared with dynamite and the sledgehammer. Therefore, the weight-drop source might be better suited if for example a combination of shallow and deeper targets were considered. Moreover, it is cheaper and involves less permitting issues and is safer than dynamite. In this study no quantitative comparison between the P-wave seismic sources and SH source is provided but hopefully will be carried out in the near future. The dynamite source produces the highest frequencies and best signal-to-noise ratio. On the other hand, the weight-drop shows higher amplitude energy at intermediate frequencies than the two other sources. Sledgehammer produces the weakest signal of all the three sources. Note that an average power spectrum containing more than ten shots is shown for every line or source type. 
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The most significant feature in the seismic data is the reflection that originates from the coarse-grained layer (S1). Our own drilling observations (from March 2013) suggest that this reflector is originated from a sandy-silty layer with higher permeability than the clays above and below. The layer then can act as conduit for fresh groundwater flowing from the highland areas in the south into the landslide scar and eventually into the river. The bedrock is closer to the surface in the southern part of the study area (Figs. 3 and 4) , and the reflector (the coarsegrained layer) onlaps the bedrock, suggesting that there might be stronger water infiltration into the clay from the southern part of the study area than the northern part. In this scenario, groundwater recharge (infiltration) can take place where there are outcrops of bedrock. It is not clear at the moment if a change in the water flow (pore pressure) in the coarse-grained layer could alone or in combination with the water flowing from the river into the formation or infiltering from the surface be the main pre-condition of the landslide in the site. Therefore, it is necessary to investigate this scenario using time-lapse down-hole geophysical and hydrogeological measurements in the southern part of the line 5. This will hopefully be a topic of near future studies. The fact that we are able to image the coarse-grained layer is encouraging and demonstrates the value of highresolution reflection seismic methods in delineating such detailed (thin) structures that may contribute to the sliding potential of quick clays and help to improve landslide risk assessment in Sweden. The shear-wave reflection seismic data also suggest two sets of reflections above the bedrock, consistent with the P-wave reflection seismic data. The loose character of the coarse-grained layer at the location of the landslide scar (Fig. 3 ) might be an indication that the layer was disturbed during the landslide or is an indication of large lateral heterogeneity across the layer. A depression zone of similar character, but of lesser extent, is also observed in the middle of line 4 and this zone can be an important factor for future landslides in the study area (Fig.  4) . Geotechnical data suggest the presence of a thick quickclay formation at this location and we recommend monitoring and detailed studies of this part of the line. Recent drillings at this location revealed further surprises at greater depths, which will be presented during the SEG annual meeting.
Conclusions
The P-wave and particularly S-wave reflection seismic data show a high-resolution image of bedrock topography and the stratigraphy of an about 80 m thick sequence of sediments that lies on top, which include lightly consolidated quick clays. Of particular interest is the identification of a layer of relatively coarse-grained material between 10-20 m below the ground surface. Geotechnical investigations indicate that most but not all quick clays at the site are located above this layer. Further studies are required to determine the importance of their relationship and whether the coarse-grained layer may have had a role in triggering quick-clay landslides in the region. Geoelectrical and electromagnetic methods provide high-resolution images of the unconsolidated subsurface and particularly the normal and leached clays.
